Glandular secreting trichomes of cultivated tomato (Solanum lycopersicum) produce a wide array of volatile and non-volatile specialized metabolites. Many of these compounds contribute to the characteristic aroma of tomato foliage, and constitute a key part of the language by which plants communicate with other organisms in natural environments.
In contrast to our understanding of non-glandular trichomes, much less is known about the development and ecological function of glandular trichomes, many of which are multicellular. These epidermal structures synthesize a diverse array of specialized (i.e., secondary) metabolites that exert toxic or repellent effects on myriad phytophagous animals (Eisner et al., 1998; Iijima et al., 2004; Handley et al., 2005; Shepherd et al., 2005; Kivimaki et al., 2007; Graham et al., 2010) . Rupture of the cuticle upon insect contact releases gland contents, which can rapidly oxidize to form a sticky exudate that physically entraps small insects. Among the major classes of compounds involved in trichome-mediated resistance are terpenoids, alkaloids, flavonoids, and defensive proteins (Shepherd and Wagner, 2007; Schilmiller et al., 2008) . Large-scale sequencing of expressed-sequence tags (ESTs) isolated from purified glands has provided unprecedented insight into the biochemical pathways that operate in glandular trichomes (Lange et al., 2000; Dai et al., 2010; Aziz et al., 2005; Wang et al., 2008; Xie et al., 2008; Schilmiller et al., 2009b; Wang et al., 2009) . Many key biosynthetic genes in these pathways have been identified and characterized (Iijima et al., 2004; Falara et al., 2008 ;
RESULTS

Identification of a Tomato Mutant Affected in Leaf Aroma and Terpene Production
During an Agrobacterium-mediated transformation experiment to overexpress the hydroperoxide lyase (HPL) gene in tomato, we regenerated a primary (T 0 ) line from tissue culture whose foliage lacked the distinct tomato-leaf odor. The altered-aroma phenotype of this line, which we called odorless-2 (od-2), was heritable in the next (T 1 ) generation. Genomic DNA blot analysis and re-testing of T 1 seedlings for kanamycin resistance failed to provide evidence for transgenesis (see Materials and Methods). These observations and subsequent genetic analyses (see below) indicated that the mutation responsible for the od-2 phenotype likely occurred spontaneously, or was generated as a result of the tissue culture procedure, which is known to be mutagenic (Phillips et al., 1994) . In addition to the leaf-aroma phenotype, the overall growth stature and leaf size of od-2 plants was decreased in comparison to the WT parental line. Comparison of threeweek-old seedlings showed that od-2 leaf area and mass was 59% and 80%, respectively, of that of WT plants (Supplemental Fig. S1 ).
To investigate the biochemical basis of the altered aroma phenotype, we used a solid-phase microextraction (SPME) fiber and gas chromatography-mass spectrometry (GC-MS) to analyze volatile compounds emitted by wild-type (WT) and od-2 leaves.
Under the GC condition used, six monoterpenes (α-pinene, 2-carene, α -phellandrene, α -terpinene, limonene, and β -phellandrene; Fig. 1A ) and lower levels of two sesquiterpenes (β-caryophyllene and α -humulene; data not shown) were identified in the headspace collected from unwounded WT leaves. These compounds were not emitted from unwounded od-2 leaves (Fig. 1B) . Mechanical wounding of the lamina of WT leaves prior to headspace sampling resulted in a large increase (~50-fold) in terpene emission, as well as the production of the C 6 green-leaf volatile cis-3-hexenal (Fig. 1C) . Wounded od-
od-2 is a Single Recessive Mutation on Chromosome 11
The terpene deficiency of od-2 leaves provided a robust phenotype with which to study the genetic basis of the mutation. F 1 hybrid plants obtained from a cross between od-2 and its wild-type parent (S. lycopersicum cv Castlemart) showed normal terpene levels, indicating that the mutation is recessive. Analysis of an F 2 population (186 plants)
produced from self-pollination of an Od-2/od-2 heterozygote showed that the proportion of terpene-producing (terp + ) to terpene-deficient (terp -) progeny was 140:46 (3.04:1).
This result is in good agreement with the ratio predicted for a single recessive mutation (χ 2 = 0.007; P = 0.933).
Genetic mapping of single-gene traits in S. lycopersicum is typically performed with F 2 populations derived from crosses with S. pennellii or other suitable wild species.
Our initial attempt to map Od-2 using such an F 2 population was unsuccessful owing to the lack of discrete terp + and terp -phenotypic classes among the F 2 progeny (Supplemental Fig. S2 ). This phenomenon likely reflects large differences in the density, terpene composition, and distribution of trichome types between S. lycopersicum and S.
pennellii (Schilmiller et al., 2009b) . Mapping with a backcross population (BC 1 ) can circumvent this problem because the genetic background of BC 1 progeny is predominantly that of the recurring S. lycopersicum parent, thus favoring the appearance of discrete phenotypic traits (Li et al., 2003; 2005) . We used S. pennellii to generate an interspecific BC 1 population, and then employed a quantitative GC-based "leaf dip" assay (Kang et al., 2010) to measure terpene levels in single leaflets from 153 BC 1 progeny. interval between markers C2_At1g44790 and TG400 on chromosome 11 (Fig. 2) . No recombination events were observed between the target locus and four linked markers (C2_At1g65280, C2_At2g14260, C2_At5g13390, and C2_At4g10050) located in this interval (Fig. 2 ).
od-2 Affects Trichome Development and Density
Light microscopy and scanning electron microscopy (SEM) showed that the most conspicuous trichome-related phenotype of od-2 leaves was the failure of type I trichomes to taper toward the tip, resulting in the appearance of swollen or rod-shaped structures ( Fig. 3 and Supplemental Fig. S3 ). Additional trichome-related defects were observed, including trichome clustering and a reduction in the size of type VI glandular heads ( Fig. 3 and Supplemental Fig. S3 ). The diameter of WT and od-2 type VI glands on the adaxial leaf surface was 68 ± 1 µm and 54 ± 1 µm, respectively (mean ± SE; n=17 to 24 type VI glands on each of 4 leaflets; unpaired t-test, P < 0.001). The density of type VI trichomes on od-2 leaves (621 ± 187 cm -2 ) was also reduced in comparison to the WT (1112 ± 180 cm -2 ) (mean ± SE; n = 6/genotype; unpaired t-test, P < 0.001), as was the density of type VI trichomes on od-2 stems (Supplemental Fig. S3 , G and H). SEM analysis showed that epidermal pavement cells of od-2 leaves are more raised and irregularly shaped than pavement cells on WT leaves (Fig. 3 , H and I).
Type VI Glandular Trichomes on the od-2 Mutant Do Not Accumulate Terpenoid and Flavonoid Compounds
The reduced density and size of type VI glands on od-2 leaves cannot account for the severe terpene deficiency (<0.5% WT levels) of the mutant (Fig. 1) . We therefore measured the terpene composition in isolated type VI glands. In one approach, a stretched-glass pipette was used to selectively collect individual glands into a solution containing methyl tertiary-butyl ether (MTBE) followed by GC-MS analysis. From 200 type VI glands collected from WT leaves, we identified four monoterpenes (α-pinene, 2-carene, α -phellandrene, and β -phellandrene) and three sesquiterpenes (δ-elemene, β -caryophyllene, and α -humulene) (Fig. 4A ). These compounds were not detected in extracts obtained from the same number of od-2 leaf trichomes. Analysis of leaf surface extracts obtained by brief immersion of detached leaflets in MTBE yielded very similar results; terpene levels in od-2 leaves were < 0.5% of those from WT leaves (Fig. 4B) . We also determined the terpene profile in type VI trichomes by applying a SPME fiber directly to the glandular head, followed by GC-MS analysis. This procedure was sufficiently sensitive to detect monoterpenes in a single WT type VI gland (Supplemental Fig. S4 ). Despite the high sensitivity of this method, mono-and sesquiterpenes were not detected in od-2 trichomes. Cis-3-hexenal and other C 6 green-leaf volatiles were not detected in the SPME-collected glands from either wild-type WT or od-2 leaves (Supplemental Fig. S4 ).
The amount of rutin (a flavonol glycoside) in type VI glands collected from od-2 leaves was <1% of that in the WT (Fig. 5A ). We also found that od-2 trichomes contain only trace amounts or undetectable levels of kaempferol-rhamnoside, quercetintrisaccharide, and 3-O-methylmyricetin (Fig. 5A ). Analysis of leaf surface extracts obtained by brief immersion of detached leaflets in an isopropanol/acetonitrile solvent system yielded similar results (Fig. 5B) . Analysis of these extracts also showed that od-2 leaves contain normal levels of surface-extractable chlorogenic acid and quinic acid (Fig.   5B ). The amount of α -tomatine, dehydrotomatine, and acyl sugars in extracts from od-2 leaves was comparable to or slightly less (60 to 77%) than that in extracts from WT leaves (Supplemental Fig. S5 ). These results support the hypothesis that the od-2 affects metabolic pathways that operate mainly in type VI glands.
The od-2 Mutant Is Susceptible to Diverse Insect Herbivores
WT and od-2 plants grown under natural field conditions revealed striking differences in the nature and prevalence of plant-herbivore interactions during the growing season.
Epitrix cucumeris (potato flea beetle) was the most frequently observed insect on WT and mutant tomato plants (Supplemental Fig. S6A ). The number of flea beetles observed on od-2 was approximately 8-fold higher than that on WT (Fig. 6A ). As estimated from the number of lesions produced by flea beetle feeding, it was also apparent that these insects inflicted significantly more damage to od-2 foliage (Fig. 6B ). Increased levels of flea beetle herbivory on the mutant were also observed in a second field trial performed at a different location (Supplemental Fig. S7 ).
Many field-grown od-2 plants were heavily infested with Colorado potato beetle (CPB) larvae (Leptinotarsa decemlineata; Supplemental Fig. S6B ). Remarkably, however, CPB larvae were not found on >90 WT (Od-2/Od-2) plants grown side-by-side with od-2 plants (Fig. 6C) . No-choice feeding bioassays confirmed that od-2 is compromised in resistance to CPB larvae, as determined both by increased damage to od-2 foliage and a ~2.5-fold increase in the average weight of larvae reared on the mutant ( Fig. 7 ; Supplemental Fig. S8 ). To determine whether od-2 affects host resistance to lepidopteran herbivores, WT and mutant plants were challenged with newly hatched larvae of the solanaceous specialist Manduca sexta. The results showed that M. sexta larvae grown on od-2 plants were significantly heavier than larvae reared on WT plants (Fig. 8 ).
od-2 Does Not Impair the Accumulation of Wound-Inducible Proteinase Inhibitors
To test whether increased performance of insect herbivores on od-2 plants results from reduced expression of JA-regulated defensive proteins, we measured the level of the wound-inducible serine proteinase inhibitor (PI-II). In response to mechanical wounding, PI-II levels in od-2 leaves were comparable to that in WT leaves (Fig. 9A ). PI-II levels in foliage of field-grown od-2 plants were much higher than in WT ( Here, we describe the characterization of a novel tomato mutant (od-2) that was identified on the basis of an altered leaf-aroma phenotype. Chemical profiling experiments revealed that od-2 leaves are severely deficient in both constitutive and damage-induced production of mono-and sesquiterpenoids. These compounds, together with C6 aldehyde derivatives, contribute to the aroma of tomato leaves (Buttery et al., 1987; Cañoles et al., 2006) . The terpenedeficient phenotype of the mutant can be attributed to a defect in the metabolic function of type VI glandular trichomes, which are the major reservoir for terpenoids in tomato leaves. od-2 also impairs the production of the flavonoid compounds rutin, kaempferoland quercetin-glycosides, and 3-O-methylmyricetin. Rutin is reported to be the major polyphenolic in type VI trichomes of cultivated tomato (Duffey and Isman, 1981) . Based on these results, we conclude that Od-2 is required for the production of several chemical classes of compounds in type VI glandular trichomes.
The terpene deficiency in od-2 leaves provided a robust chemical phenotype with which to map Od-2. Mapping with a BC 1 population allowed us to position Od-2 on chromosome 11 between markers C2_At1g44790 and TG400. This location distinguishes
Od-2 from other previously described mutations affecting tomato leaf odor, including the Radiotracer studies performed with isolated glands (McCaskill and Croteau, 1995) may be useful to address this hypothesis. It is also possible that Od-2 serves a regulatory function in coordinating the synthesis of specialized metabolites in glandular trichomes.
A MYB-type transcription factor was shown to control the expression of genes involved in the production of benzenoid volatiles in petunia (Verdonk et al., 2005) . To our knowledge, there is no precedent for the existence of transcription factors that exert control over unrelated secondary metabolic pathways, such as those for the biosynthesis of terpenoids and flavonoids. Nevertheless, our results raise the possibility that terpenoid and flavonoid metabolism in type VI glands is highly coordinated by mechanisms that remain to be elucidated.
In addition to defects in metabolism, od-2 plants exhibit several developmental phenotypes, including reduced size, altered leaf shape, and aberrant trichome morphology. Howe et al., 1996; Thaler, 1999; Li et al., 2002; Kant et al., 2004; Howe and Jander, 2008 breeding programs aimed at producing solanaceous crops with broad-spectrum resistance to insect pests.
It is thus possible that
MATERIALS AND METHODS
Plant Materials and Growth Conditions
Tomato (Solanum lycopersicum) cv Castlemart (LA2400) was used as the wild-type (WT) for all experiments. Seedlings were grown in Jiffy peat pots (Hummert International, Earth City, MO, USA) in a growth chamber maintained under 17 h of light (265 mE/m2/s) at 27°C and 7 h of dark at 18°C and 60% humidity. Three-to four-weekold plants were sampled for the analyses of trichome morphology, secondary metabolites, and for an herbivore feeding test. The od-2 mutant was identified serendipitously during an Agrobacterium tumefaciens-mediated transformation experiment. Tomato (cv Castlemart) cotyledon explants were infected with Agrobacterium tumefaciens (strain AGLO) containing the binary vector (pBI121) in which the tomato hydroperoxide lyase (LeHPL) cDNA (Howe et al., 2000) was cloned behind the CaMV 35S promoter. Primary (T 0 ) transformants were selected for resistance to kanamycin and subsequently regenerated as previously described (Li and Howe, 2001) . Leaves from one regenerated line (od-2) were noted to lack the distinct tomato-leaf aroma. Genomic DNA blot analysis performed with a 32 P-labeled cDNA probe for HPL detected the endogenous HPL gene but not additional transgenic copies of the cDNA (data not shown). Consistent with this finding, germination and growth of od-2 seedlings (T 1 generation) on MS medium containing kanamycin (100 µg/ml) showed that this line is fully sensitive to kanamycin.
All experiments were performed with an od-2 mutant line that was backcrossed two times to its parent (cv Castlemart).
Genetic Analysis and Mapping of Od-2
The od-2 mutant (T 1 generation) was crossed to its WT parent (cv Castlemart, LA2400) and the resulting F 1 plant was self-pollinated to generate a segregating F 2 population. Red COMPLETE reaction mix (Denville Scientific Inc, NJ, USA). The amplification protocol included an initial 5-min denaturation step at 94°C, followed by 35 cycles in which the template was denatured for 45 sec at 94°C, annealed for 30 sec at 52°C, and extended for 1 min at 72°C, followed by a final incubation for 10 min at 72°C. Amplified products were separated on 2-3% agarose gels run at 4°C in 1x TAE buffer at 100 V.
Analysis of Trichome Density and Morphology
A dissecting microscope (Leica MZ16, Wetzlar, Germany) equipped with KL 2500 LCD light sources (Schott, Jena, Germany) and Leica DFC 290 camera (Leica, Wetzlar, Germany) was used to document trichome morphology, size, and density. Scanning electron microscopy (SEM) and cryoSEM were performed as previously described (Kang et al., 2010) . All measurements were performed on WT and od-2 plants grown side by side under the same growth conditions.
Volatile Analysis
For leaf volatile analysis, compounds in the headspace were collected on a solid-phase microextraction (SPME) fiber (65 µm PDMS-DVB; Supelco, Bellefonte, PA), following the procedure described by Song et al. (1997) . One leaflet (~40 mg) from each experimental unit was placed in a 25-ml glass vial and left intact or crushed 5 times with a rod (1 cm diameter) wrapped with Teflon. Vials were sealed with a cap housing a valved septum (Mininert, Supelco). A SPME fiber was held in the vial for 3 min to allow absorption of volatile compounds. To analyze volatiles from glandular heads of type VI trichomes, we applied a SPME fiber directly to glandular heads for 10 sec or less. Direct contact between the fiber and the glands ruptured the cuticle and allowed the released compounds to be absorbed by the SPME fiber. We desorbed the volatiles from the fiber coating by inserting the SPME fiber through a septumless injection port (Merlin Microseal, Supelco) and into a glass-lined injector port (200 °C) of a gas chromatography (GC) instrument (HP-6890, Hewlett Packard Co., Wilmington, DE.) interfaced to a timeof-flight (TOF) mass spectrometer (Pegasus II, Leco, St. Joseph, MI). We separated volatiles using a capillary column (HP-5, 5 m x 0.1 mm id., 0.34 µm coating thickness) under conditions for GC separation and TOF-MS analysis as previously described (Song et al., 1997) , except that the GC was run in the split injection mode (split ratio = 2:1).
Identification of volatile components was confirmed by comparison of collected mass spectra with those of authenticated chemicals and reference spectra in a mass spectrum library (NIST MS Search 1.5, National Institute for Standard Technology, Gaithersburg, MD). Quantification of volatile compounds was performed by comparison with known concentrations of authenticated and high purity compounds in an external standard mixture as previously described (Song et al., 1997) . Standard mixtures were prepared with equal volumes of 1-hexanol, cis-3-hexen-1-ol, hexanal, cis-3-hexenal, trans-2- hexenal, α -pinene, 2-carene, α -phellandrene, α -terpinene, limonene, β -caryophyllene, and α -humulene. A 0.5-µl sample of the standard mixture was applied to a small paper filter disk at the bottom of a gas-tight 4.4-L glass volumetric flask, which was fitted with a tapered ground glass stopper and a gas-tight Mininert valve. The flask was sealed, and the liquid material was allowed to vaporize. Limonene was used as a standard to determine a response factor for monoterpenes. For trichome volatile analysis, a 0.1 µl sample of the standard mixture was applied directly to a SPME fiber and the GC was run with a split ratio of 200:1. Quantification of terpene levels in leaf dip extracts and isolated type VI glands (collected with a stretched Pasteur pipette) was performed as described previously (Kang et al., 2010) .
Analysis of Flavonoid and Other Non-Volatile Compounds
Leaves from 4-week-old plants were used to prepare leaf dip or type VI trichome exudates as previously described (Kang et al., 2010) . Briefly, single leaflets were incubated in 1 ml of isopropanol:acetonitrile:water (3:3:2) for 5 min, with gentle shaking.
Alternatively, type VI glandular heads collected with a Pasteur pipette were dissolved in 100 µl isopropanol:acetonitrile:water (3:3:2). We analyzed the resulting extracts (10 µl)
by liquid chromatography-mass spectrometry (LC-MS) with a Waters LCT Premier mass spectrometer (Milford, MA) coupled to a Shimadzu (Columbia, MD) LC-20AD HPLC ternary pump and SIL-5000 autosampler as previously described (Kang et al., 2010) .
Quantification of flavonoids, tomatines, and acyl sugars was performed as described by Kang et al., (2010) .
Plant Interactions with Insect Herbivores
Field experiments 
Proteinase Inhibitor Assays
Proteinase inhibitor II (PI-II) levels in tomato leaves were determined by a radial immunodiffusion assay as previously described (Li et al., 2003) . A hemostat was used to make crushing-type wounds on all leaflets of the lower (oldest) leaf of 15-d-old tomato plants that contained two expanded leaves and a third emerging leaf. Wounded plants were incubated for 2 d under standard growth conditions, after which the wounded leaf was harvested for determination of PI-II protein levels. Leaflets from the youngest leaf of plants grown under natural conditions for at least two weeks were used to measure PI-II levels in field-grown plants.
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